The accurate measurement of ultrashort pulses is necessary to optimize pulse compression for nonlinear optics and strong-field physics. Additionally, field-sensitive time-domain techniques enable measuring femtosecond and sub-femtosecond dynamics. In this paper, we introduce a single-shot measurement to characterize few-cycle fields. This polarization-sensitive timedomain measurement can retrieve the waveform of pulses shorter than two-cycles in duration with a temporal window of hundreds of femtoseconds. We measure how the field changes after propagation through dispersive optics, and we measure the sub-femtosecond phase shift imposed by the nonlinear intensity dependent response of a dielectric. Real-time field measurements will benefit low repetition rate systems used in strong-field physics and attosecond science, while the large temporal window compliments Fourier transform spectroscopy.
Introduction
The precise measurement and control of visible and near infrared fields over a broad spectral bandwidth enables coherent control experiments [1, 2] . Time-domain measurements such as transient absorption [3] [4] [5] and Fourier transform infrared (FTIR) spectroscopy [6, 7] benefit from a broad temporal range, with sub-femtosecond resolution and picosecond windows. High harmonic and attosecond pulse generation require the accurate measurement of the amplitude and phase of few-cycle driving fields in order to optimize the generated yield [8] and maximum photon energy [9, 10] . Fortunately, attosecond technologies established pulse characterizing techniques that-while simultaneously characterizing the attosecond pulse-led to the accurate measurement of few-cycle electric fields [11] : an ex situ measurement from photoelectron streaking [12, 13] , and an in situ probing of the attosecond pulse generation itself [14] . However, these techniques are time consuming and we are interested in measurements that can be performed in a single shot [15] .
In this paper, we propose and demonstrate a time-domain measurement of an electric field in a single shot while avoiding the use of extreme ultraviolet (XUV) optics and vacuum chambers required for isolated attosecond pulse characterization. To this end, we interfere a stronger fewcycle pulse (the 'generating beam' with central wavelength of 1.8 μm) with a weaker perturbing beam (the 'signal field') during third harmonic generation. We observe the near-field modulation the signal field imposes on the generating beam Gaussian profile to measure the signal field's temporal character. In contrast to other pulse characterizing techniques, the near-field distribution allows us to directly observe the signal field and simplifies the interpretation.
The third harmonic of the generating beam is in the visible spectrum and it is easily magnified by silver mirrors and imaged by a charge couple device (CCD) camera. By magnifying and observing the near-field interference of the third harmonic generation process, we accurately measure the signal electric field up to a constant phase. Unlike attosecond field-sensitive techniques, we show that the measurement is nearly insensitive to the temporal profile of the generating beam. Furthermore, unlike auto-correlation measurements, our technique does not require any assumptions about the pulse envelope and can directly detect any temporal phase change within the pulse. We show that while this single-shot technique has a temporal window of several hundred femtoseconds, it also has sub-cycle resolution.
The wide temporal window is necessary for measuring pre-and post-pulses and plateaux that accompany few-cycle pulses, or more complicated pulse shapes used for coherent control. Because this time-domain measurement is sensitive to the polarization, we easily measure the rapidly varying polarization of a few-cycle pulse used for polarization gating to generate an isolated attosecond pulse [16, 17] . We also measure the nonlinear phase delay caused by the intensity dependent phase shift in material, accurately measuring the induced sub-femtosecond nonlinear light-matter interaction.
Methods
We focus the carrier-envelope phase stable idler of an optical parametric amplifier (OPA) (light conversion HE-TOPAS), central wavelength of 1.8 μm, onto a hollow-core fibre filled with argon at 1.1 bar to generate a supercontinuum spectrum supporting two-cycle pulses. A 0.5 mm fused silica plate separates the collimated S-polarized beam into two arms, splitting off 20 μJ for the signal field from the 300 μJ used for the generating beam. We further reduce the signal field power with an iris, which ensures that the signal field is only weakly perturbing and has a larger spot size than the generating beam profile. We focus the two beams using two 1 m focal length mirrors, relative angle of θ=200 mrad, onto a thin (100 μm thick) quartz plate. A schematic of the measurement is shown in figure 1 ; here we show a strong interference for illustrative purposes. Further experimental details are provided in the supplemental information is available online at stacks.iop. org/JPB/51/065603/mmedia.
When the signal field spatially and temporally overlaps with the generating beam within the quartz plate, the crosscorrelation signal gives four distinct third harmonic beams, labelled 1-4. These four beams consist of the four possible third harmonic photon configurations: three generating, two generating and one signal, one generating and two signal, and three signal photons. The fundamental field is removed via a series of dichroic mirrors that reflect 1.8 μm wavelength. We collect all four third harmonic beams to magnify this interaction 10×via a 10 cm focal length silver mirror onto a CCD camera. Because the signal field is larger in the near-field than the generating beam, the modulation depth is not uniform in the vertical plane (the y axis). To maintain the weak modulation for the measurement, only the profile within the dashed yellow box yields the measured interference.
The total temporal window, T, is
where W is the detector size, M=d i /d o is the magnification, and c is the speed of light. From our CCD camera having 640 pixels with a 5 mm wide sensor gives us a temporal window of 330 fs. In practice, we can consistently characterize the signal field within the waist of the generating beam; in our case the practical temporal window is approximately 200 fs.
Theory
Pulse characterization often requires splitting the test pulse into two equal amplitudes and recombining them on some nonlinear medium [18] [19] [20] . We argue that modifying the third harmonic generation from a strong generating beam with a weak perturbing field can fully temporally characterize the perturbing field (up to a constant phase). The generating and signal fields, respectively, are

where θ 1 , θ 2 are the angles of incidence for the generating and signal beams, respectively. For the symmetric geometry where θ 1 =θ 2 =θ/2, then we obtain a temporal delay
In this geometry there are no geometrical distortions caused by the propagation z [19] . When the two pulses overlap, we can set t=0 and map the x coordinate of the camera to a delay τ. Figure 1 . Schematic of the measurement. The signal field (sig.) perturbs the generating beam (gen.) within the thin SiO 2 to produce four diffracted third harmonic beams. We magnify and image this interaction with a mirror (lens in figure f) on a CCD (false colour image) to characterize the signal electric field via the interference fringes. Inset: Cartesian coordinates.
The resulting third harmonic signal caused by a weak perturbation of our signal field S(x) on the generating beam
Assuming that the interaction is phase matched over length L, then
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is the phase difference of the generating and signal fields at angular frequency ω and gives rise to the interference.
The first term, G x 6 | ( )| , does not contain the perturbation. We assume that this term is simply the generating beam shape and can be easily verified. By taking the Fourier transform of I 3ω (x), we can isolate and remove this component. In the case that S x G x  | ( )| | ( )|, then we are limited to the first two terms in equation (4) with the result being the signal field. That is,
We demonstrate how we obtain this signal field in practice in figure 2 . The horizontal lineout of the recorded image shows the generating beam near-field Gaussian spatial profile, G x 6 | ( )| , with a small modulation caused by the weak signal field shown in (a). We map the position coordinate x to the time delay τ. We take the Fourier transform to observe the spectrum, now in units of 1/τ. The Gaussian beam shape background becomes the low frequency (LF) component (pink), while the higher frequency (HF) component (green) contains the signal. We separate these two spectral components and we Fourier transform back to the temporal domain, easily distinguishing the profile of the generating beam and the interference caused by the signal field. Finally, we account for the beam shape by dividing the HF signal by LF 5/6 to reconstruct S(τ), where the 5/6 power is in the denominator of equation (5).
This single-shot application for laser monitoring by optical nonlinearity (SALMON) is a robust technique for measuring few-cycle laser pulses in the time domain. Because of the third-order nonlinearity involved, we can accurately reconstruct the signal field even when the generating pulse is longer than the signal field, and we are insensitive to satellite pulses in the generating beam. Additionally, the modulation depth is proportional to the electric field amplitude of the signal (and not the intensity), which allows us to measure very weak fields.
Furthermore, it is apparent when the signal field relative intensity is too high because the next order term in equation (4) modulates at twice the frequency. Simultaneously observing the signal in the time domain and computing the spectrum allows us to ensure that we remain within the perturbative regime. We can satisfy the requirement when the computed second harmonic portion of the spectrum is several orders of magnitude lower than the fundamental, typically when S G 1 | | | | %. In this case, the modulation amplitude is greater than 5%. However, we can reduce this constraint and increase the signal field relative amplitude if we also filter out the computed second harmonic, imposing a broad bandpass filter about the fundamental frequency.
As stated previously, Δ f(x) is the phase difference of the generating beam and signal field. The global phase for a few-cycle pulse is determined by the carrier-envelope phase (CEP) of the laser pulse and so this technique cannot measure the absolute phase directly. However, it is possible to measure the relative CEP of the signal field to the generating beam. Additionally, we cannot measure fields that contain the third harmonic. For example, the argon-filled hollow-core fibre that we use to generate the two-cycle pulse also simultaneously creates third harmonic. This third harmonic must be removed before generating I 3ω because it will interfere with the signal at the CCD.
Results
We measure the electric field of a two-cycle pulse via the SALMON method in several different cases. First, we measure the signal field when both the generating beam and the signal field are near the Fourier transform. We compare this measurement to an attosecond field-sensitive technique, the PHz optical oscilloscope. We test the dispersion sensitivity of the field measurement with respect to the generating beam and the signal field. We also show that this measurement is insensitive to the relative delay, but is sensitive to the relative phase of the generating and signal fields. Finally, we show that we are able to resolve sub-femtosecond dynamics induced in intensity dependent processes.
Field measurement and spectrum
We begin by showing a near Fourier transform limited pulse in figure 3(a) . In this case, we have compressed the signal field to the minimum pulse duration while the generating beam is also near transform limited. We compare the measured fundamental spectrum (red) with the retrieved spectrum (blue) in (b). The 200 fs window allows for 50 nm spectral resolution at 1.8 μm.
PHz optical oscilloscope comparison
The PHz optical oscilloscope [21] measures the electric field of a signal arm by deflecting the XUV continuum of an isolated attosecond pulse. The setup for this measurement is shown in figure 4(a) . The driving field is the CEP stabilized 1.8 μm idler from an OPA compressed to sub-two-cycles.
We briefly describe the PHz optical oscilloscope technique setup here. The short pulse is split into two arms using a 0.5 mm fused silica plate, with 8% reflection (S polarized) going to the signal arm. The generating arm passes through polarization gating optics (200 μm thick quartz plate, with optic axis rotated 45°relative to the laser polarization, and a λ/4 wave plate). The λ delay imposed by the quartz plate preserves the S polarization in the XUV. We optimize the pulse compression using the anomalous dispersion of fused silica wedges (not shown). A 30 cm focal length Ag mirror focusses the generating pulse to a peak intensity of 1×10 14 W cm
, and we use a gas jet with Kr (backing pressure 4 bar) to generate an XUV continuum up to 100 eV. We detect the XUV with a 2D spectrometer that measures from 20 to 80 eV, and we take the portion of the spectrum around 25 eV to measure the signal field [22] .
We control the dispersion of the signal arm independent of the generating arm with thin fused silica plates and optimize the signal field pulse compression. We delay the signal field using a computer controlled PZT delay stage with nm resolution, with 250 as steps. The integration time is approximately 1 s per step, and a full field measurement takes nearly 10 min. A recorded PHz optical oscilloscope trace is shown in (b). We normalize the XUV intensity at each delay step, and find the peak of the XUV profile as a function of delay to yield the signal σ(t)=dE(t)/dt (white line). We digitally filter the signal with a bandpass filter from 400 nm to 8 μm and integrate to retrieve the field E(t). In (c), we compare the PHz optical oscilloscope reconstructed field (red) to one retrieved with SALMON (blue), which was recorded in 100 ms. Small differences in pulse shape are expected because of changes in CEP, the dispersion due to passing the signal field through the vacuum chamber window, and day-today changes in the laser conditions.
Group delay dispersion (GDD) measurements
As discussed in the theory section, as opposed to the PHz optical oscilloscope technique the retrieved field is nearly insensitive of the generating pulse shape. To emphasize this point, we insert fused silica glass into the generating beam path and measure the GDD. By placing 0 mm, 1 mm, 3 mm, and 6 mm (blue, red, black, and green, respectively) of fused silica in the generating beam path, we observe little change to the retrieved field shapes, as shown in figure 5(a) . It should be noted that for the 3 and 6 mm cases, the decreased generating beam peak intensity decreased the amount of third harmonic generated. In order to maintain that the signal field is much weaker than the generating beam, we further decreased the signal intensity, increasing the noise.
Conversely, inserting glass into the signal beam path significantly changes the phase and increases the pulse duration of the measured field, as shown in figure 5(b) . We place the same amount of fused silica in the signal beam path and observe an increase in pulse duration. We also observe that the pulse becomes significantly chirped with 3 and 6 mm fused silica.
We Fourier transform the measured fields to determine the spectral phase, shown in figures 5(c) and (d). We fit the retrieved spectral phases (solid) with a 3rd order polynomial fit (dashed). We add an arbitrary offset to the phase for visibility. In the case of inserting glass in the generating beam path (c), we observe little change to the spectral phase. However, we do observe a significant change in the spectral phase when the glass is inserted in the signal beam path, (d), as expected. We use the fits to take the second derivative to determine the GDD.
We retrieve the GDD, shown in figure 6 . We fit the retrieved phase to a third-order polynomial and calculate the GDD at 1.61 μm. We find this slope (−39 fs 2 mm −1 ) is in good agreement with the dispersion calculated by the Sellmeier equation for fused silica at 1.64 μm, including an offset of −21 fs 2 , implying that the signal field experiences slight anomalous dispersion due to some optics before we make the SALMON measurement. We also measure the GDD at 
Polarization gating field retrieval
We now measure a few-cycle pulse with rapidly varying polarization. One popular method for generating an isolated attosecond pulse is polarization gating [23] [24] [25] . This gating technique is easy to implement, requiring a birefringent quartz plate and quarter wave plate. The birefringent plate, with fast and slow axes at 45°to the initially linearly polarized field, separates the few-cycle pulse into two orthogonally polarized pulses delayed in time by the optical path length difference caused by the difference in indices of refraction. For 1.8 μm wavelength light, we can delay the two polarization states by 1.5λ with 300 μm of quartz. The quarter wave plate then creates two counter-rotating circularly polarized pulses with time-varying ellipticity; the two pulses interfere in the middle to create a single cycle linearly polarized field. In figure 7 , we show that we are able to measure a field with time-dependent polarization [26, 27] . The proper quartz thickness and orientation had been previously confirmed by observing the spectral modulation caused by the two interfering pulses. We place the polarization gating optics in the signal field path. In the generating beam path we place and rotate a half wave plate to project the polarization gated signal field on to the generating beam polarization. By rotating the half wave plate we are able to map out the rapidly changing polarization. In the P-plane, we observe the two few-cycle pulses while in the S-plane we observe a longer and larger amplitude pulse. The red curve is the three-dimensional reconstruction of the field. This experimentally measured field agrees well with the theoretically predicted field for polarization gating.
Delay and CEP measurement
The SALMON method is not sensitive to the global phase, only the relative phase of the generating and signal fields, and the phase is not sensitive to the relative delay of the two fields. We confirm these predictions in figure 8 . We delay the signal field using a nanometer resolution computer controlled delay stage over a range of 40 fs, shown in (a). Note that the change in the amplitude is due to normalizing the counts. We remove the Gaussian background to retrieve the field S(τ) in (b). We account for the stage delay in (c), showing that the retrieved field is independent of the relative delay and independent of the Gaussian generating beam shape.
Using a pair of thin fused silica wedges after the hollowcore fibre, we change the CEP of both signal and generating fields simultaneously. We note that there is no observed change in the measured field phase when changing the global CEP. Conversely, we are able to measure the CEP of the signal field relative to the generating beam by inserting a 0.5 mm fused silica plate in the signal field path and tilting it. We predict a change of CEP by kz n n
) , where k=2π/λ, z is the length, and n g = 1.4648 and n f =1.4409 are the group and phase indices of refraction for a central wavelength of λ = 1.8 μm. In this case, we get z=75 μm, or a delay of 116 fs, for a CEP change of 2π.
We show that tilting the plate delays the signal field, moving the interference fringes over the generating beam profile in (d). Retrieving the field, (e), shows the delay of 190 fs in 40°of tilt. We account for the group delay to re-centre the pulse to show the phase change relative to the pulse envelope, which is the CEP, shown in (f). With SALMON, we are able to continually monitor the CEP evolution because of the large time window available and quick acquisition time.
Intensity dependent sub-femtosecond phase shift
Since we have established that the SALMON method can measure the relative phase of the generating and signal fields, we now measure a nonlinear phase shift induced by the high intensity few-cycle pulse. To this end, we focus the signal field using a 20 cm focal length mirror and re-collimate the beam using another 20 cm focal length mirror 40 cm away. We place an 80 μm thick quartz sample on a translation stage, moving the sample through the focus using the SALMON method as a time-domain z-scan measurement. In this configuration, we are able to keep the intensity of the signal field constant for the field retrieval while continuously changing the intensity on the sample. The quartz optic axis is parallel to the polarization. The resulting measured fields are shown in figure 9 . The minimum intensity on the sample is estimated to be 0.5 TW cm −2 (blue) and the maximum is 10 TW cm −2
(red). As stated previously, we cannot distinguish interfering third harmonic; at higher intensities than those shown here, we generate significant third harmonic from the sample near the focus. Interestingly, we measure the largest phase difference after the peak of the pulse. We ensure that the leading portion of the field shares the same phase, shown in (b), where the relative delay is within the uncertainty of the measurement. We define the delay by the zero crossing of the field. Near the peak of the pulse at 2 fs, the field is delayed by 350 as, (c). At 11 fs after the peak of the field, we measure a maximum delay of 400 as, (d). The delay at the maximum of the field is approximately half of what we expect from the intensity and sample thickness.
The decreased phase delay is due to the propagation in free space of the Gaussian beam profile. We simulate the Gaussian beam propagation in quartz by calculating the nonlinear phase shift by the Forward Maxwell's equation [28] , not accounting for non-perturbative effects such as ionization. We include the Gaussian profile intensity distribution, but assume that the quartz is thin enough such that the change in radial profile can be neglected within the quartz, that is ∇ ⊥ 2 E(r)=0. After passing through the quartz, we include the full 3D propagation for a few-cycle pulse using a Henkel transform to account for radial symmetry [29] . Measurement of polarization gating pulse. The S-plane shows the increased pulse duration while the P-plane shows the two few-cycle pulses, where the minimum is the gate. The 3D measured field (red) shows two counter-rotating fields.
In figure 10 , we plot the on-axis field from low (I 0 = 0.1 TW cm ) intensity cases, blue and red curves respectively. We simulate the experimental conditions of a Gaussian beam with waist w 0 =50 μm, 15 fs pulse duration centred at 1.8 μm. This beam passes through 80 μm thick quartz, with polarization parallel to the optic axis. The intensity dependent phase shift causes self-focussing after the quartz plate. Immediately after the quartz plate, (a), we observe the intensity dependent phase delay between the high and low intensity cases on the propagation axis. The fields are normalised to their peak values. To demonstrate the effect of linear propagation on the delayed wavefront, we propagate the beam 1 cm after the quartz (b). In this case, the intensity dependent phase delay decreases. This result implies that time-dependent nonlinear phase shifts are sensitive to linear propagation effects, and that quantitative analysis must account for these effects [30] .
Although the nonlinear phase shift is dependent on the peak intensity, we find that the pulse duration also affects the phase shift after the peak of the field has passed [31] . This delayed phase shift may be due to non-perturbative terms that come from real transitions to the conduction band that occur from multiple ionization events. In order to determine the dependence of these transitions on peak intensity, pulse duration, and central wavelength, we require a robust and Time-dependent nonlinear phase shift measurement. We compare the retrieved field for low (blue) and high (red) intensities. The nonlinear interaction decreases the amplitude and delays the field about the peak of the pulse, and lasts for approximately 20 fs. Bottom row: magnification of the field (b) before the peak, (c) near the peak, and (d) after the peak of the pulse; delay is measured relative to zero crossing. quick method to measure these phase shifts. We predict that the SALMON technique will be able to efficiently explore these parameter spaces.
Conclusion
The SALMON method is a quick, accurate, and robust timedomain technique to measure the electric field for few-cycle laser pulses. For the measurement of two-cycle pulses we do not require moving parts, which allows for the real-time measurement and optimization of the field for compression of broadband spectra to transform-limited pulses. The measurement is sensitive to the field amplitude, and as such we can accurately measure the pre-and post-pulses that are common to few-cycle pulses, and with the large available temporal window we are able to easily reconstruct the spectrum and spectral phase. Additionally, because we are sensitive to the polarization we can measure rapidly varying elliptically polarized pulses, useful for attosecond science [32] .
SALMON can be used as a complimentary technique to FTIR spectroscopy [33] . FTIR requires the field to be wellsampled in order to determine the carrier frequency, but the span must also be large for spectral resolution. With continuous sources, sampling the carrier frequency can be performed relatively quickly, but for low repetition rate sources this acquisition becomes increasingly tedious. With SAL-MON, the sub-cycle temporal resolution and the time window of hundreds of femtoseconds allows for picosecond time scans to be performed in very few shots, enabling rapid measurements of intensity dependent responses in the infrared.
In the measurement discussed here, we access one dimension of the generating beam profile and only reconstruct the signal field in time. However, there are several developed techniques to characterize the spatial dependence of few-cycle pulses [34] [35] [36] . We can modify the measurement to use both available dimensions to characterize the spatio-temporal dependence, for example pulses with pulse front tilt. SAL-MON will allow for the measurement of the spatial chirp and spectral phase as a spatio-temporal coupled pulse passes through the focus [37] .
Although we only discuss a measurement of a signal field of similar bandwidth to the generating beam, we can measure signal fields outside of the generating beam bandwidth, as implied by figure 5(a) . It may be possible to modify this technique to measure fields of wavelengths significantly longer than the generating pulse in the far-infrared and even terahertz regimes [38, 39] .
In this experimental setup, we demonstrate the field reconstruction through the χ (3) process in a nonlinear optic and image this interaction on the CCD detector. Because we are using a driving field in a spectral region where the camera sensor is insensitive we can use the CCD chip itself as the nonlinear optic [40, 41] . By imaging the nonlinearity directly on the camera we can avoid propagation effects. Furthermore, we may be able to measure a signal field that is significantly shorter in duration than the generating pulse through nonperturbative processes such as tunnel ionization on a microchannel plate (MCP), which is blind even in the visible. By increasing the detector nonlinearity order with the MCP, the effective pulse duration of the generating beam would then be strongly peaked about its field maximum. It may be possible to measure a signal field with a duration shorter than 1 fs, with frequency components well outside the generating pulse bandwidth.
